Purpose The bilateral deficit (BLD) is characterized by a reduction in maximal voluntary torque during a bilateral contraction relative to the sum of left and right unilateral contractions. The BLD has been attributed to interhemispheric inhibition as a result of unilateral torque differences between limbs. If the BLD is the result of interhemispheric inhibition, lowering activation for a torque matching task, as shown in residual force enhancement (RFE), may help overcome the decrease in neural drive during bilateral contractions. Therefore, the purpose of the present study was to determine whether RFE could reduce the BLD. Methods Participants (n = 12) performed both isometric and RFE MVCs of the elbow flexors under three conditions: (1) unilateral-left; (2) unilateral-right; and (3) bilateral. To directly address the purpose of the study, a sub-group of participants that displayed both RFE and a BLD ("Responders", n = 6) were selected from the participant pool. Results "Responders" displayed RFE (7.1 ± 5.3%) and an isometric BLD (BI: − 9.9 ± 3.2%). In the RFE state, the BLD was no longer significant (− 5.8 ± 7.9%), accompanied by the elimination of differences in biceps brachii EMG between arms (left: − 11.7 ± 10.3%; right: − 11.5 ± 13.2%), as seen during isometric contractions (left: − 12.0 ± 23.2%; right: − 21.1 ± 16.6%). Conclusion Residual force enhancement appears to mitigate the BLD, alleviating the effects of a decrease in neural drive by allowing more force for a given level of muscle activation when compared to a purely isometric contraction.
Introduction
The bilateral deficit (BLD) was first observed by Henry and Smith (1961) and is characterized by a reduction in torque during a maximal voluntary bilateral contraction relative to the sum of the maximal voluntary unilateral torque outputs from left and right limb segments. Currently, ~ 70% of studies assessing differences in upper body isometric torque production in unilateral vs. bilateral contractions have found a BLD, with an average BLD of approximately − 10% (Skarabot et al. 2016) . Despite being commonly observed, the underlying mechanisms of the BLD remain elusive. In the pioneering study of Henry and Smith (1961) , the BLD was proposed to be the result of a reduction in dominant limb force during bilateral contractions. Currently, the BLD has been attributed to disparate descending central drive between limbs, regulated by transcallosal fibers joining the two primary motor cortices, a phenomenon commonly referred to as interhemispheric inhibition (Ferbert et al. 1992; Moritani 1995, 1996; Ohtsuki 1983; Skarabot et al. 2016) . Interestingly, interhemispheric inhibition is Communicated by Toshio Moritani.
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only present during bilateral contractions of homologous agonist muscles (e.g., flexion-flexion) and not non-homologous antagonist muscles (e.g., flexion-extension) (Perez et al. 2014) . Therefore, it is likely that bilateral contractions are not limited by a reduction in descending central drive (Skarabot et al. 2016) , but rather by differences in the maximal force producing capabilities between homologous agonist muscles. Although few studies have controlled for limb strength dominance (Cornwell et al. 2012) , it seems feasible that unilateral torque differences between limbs result in interhemispheric inhibition, presented as a neural deficit in the strength-dominant limb during bilateral contractions. This neural deficit may act to regulate force production in the strength-dominant limb, allowing for symmetrical force production in homologous agonist muscles during bilateral contractions (Cornwell et al. 2012; Oda and Moritani 1994 , 1996 . Based on the assumption of symmetrical force sharing across limbs, it would be expected that manipulating unilateral torque differences in contralateral limbs or the level of descending central drive during voluntary force production would influence the magnitude of the BLD.
One method of manipulating descending central drive during voluntary force production is through altering the type of contraction being performed. Isometric contractions following active lengthening have been shown to display residual force enhancement (RFE). Active lengtheninginduced RFE is defined as an increase in isometric force following active lengthening when compared to a purely isometric contraction at the same muscle length . Due to the mechanical nature of RFE, specifically the relatively greater contribution of passive force to total force production Leonard et al. 2010; Mehta and Herzog 2008; Power et al. 2012) , RFE allows for enhanced force for a given level of muscle activation, or alternatively phrased, a reduction in descending central drive required for a given force output (Jones et al. 2016; Seiberl et al. 2015) . In the RFE state, less neuromuscular activation is required for a given torque output, possibly owing to fewer active motor units (Altenburg et al. 2008 ). This activation reduction (AR) may limit the impact of a BLD imposed neural deficit on torque production. Therefore, a potential method to reduce the neural deficit displayed during bilateral contractions would be to assess the BLD after RFE has been induced. If the BLD is indeed regulated by descending central drive, RFE could decrease neural contributions to voluntary force production, potentially mitigating or even removing the BLD.
The purpose here was to determine whether the BLD is reduced in the isometric steady-state following active lengthening, as compared with a purely isometric contraction. In those participants displaying both a BLD and RFE (classified as "Responders"), we hypothesized that the BLD would be reduced in the isometric steady-state following active lengthening as compared to the purely isometric condition, owing to an overall activation reduction in the RFE state.
Methods

Participants
12 healthy male participants (n = 12, age: 25 ± 3 years, height: 181 ± 5 cm, body mass: 82 ± 8 kg) were recruited for the study. Participants were required to be right arm strength dominant to better elucidate potential mechanism underlying the BLD (Cornwell et al. 2012) . To directly address whether the BLD would be reduced in the RFE state following an active lengthening contraction, we included a subset of only those participants (n = 6, age: 25 ± 2 years, height: 181 ± 5 cm, and body mass: 81 ± 5 kg) who displayed both an isometric BLD (Bilateral Index ≤ − 1%) and bilateral RFE (RFE ≥ 1%). We classified these participants as "Responders". Both the whole group and 'Responders' data are reported. All participants gave written informed consent and all procedures were approved by the local Research Ethics Board and conformed to the Declaration of Helsinki.
Experimental measurements
Torque
A HUMAC NORM dynamometer (CSMi Medical Solutions, Stoughton, MA, USA) was used for all torque, angular velocity, and position recordings. Participants were placed in a supine position and movement of the torso was restricted with a four-point seatbelt harness and a chest strap. Wrists were fixed with inelastic straps to a rigid metal bar (2.5 × 2.5 × 50 cm) running perpendicular to the body, attached to the dynamometer. The axis of rotation of both elbows was aligned with the axis of rotation of the dynamometer. The maximum elbow flexion and extension angles were set to 60° and 120° flexion, allowing for 60° of elbow flexion. Torque and angular position data were sampled at 1000 Hz using a 12-bit analog-to-digital converter (Powerlab System 16/35, ADInstruments, Bella Vista, Australia). All data were analyzed with the Labchart software (Labchart, Pro Modules 2014, version 8).
Electromyography (EMG)
Prior to EMG electrode placement, skin locations were thoroughly cleaned with alcohol swabs. Silver-silver chloride (Ag/AgCl) electrodes (1.5 × 1 cm: Kendall, Mansfield, MA, USA) were used for all recordings. Electrodes were positioned over the muscle belly of the distal portion of the biceps brachii (agonist) and lateral head of the triceps brachii (antagonist), along with a ground electrode placed on the left clavicle. EMG data were sampled at 2000 Hz and bandpass filtered using a digital filter (10-1000 Hz). All data were analyzed with the Labchart software (Labchart, Pro Modules 2014, version 8).
Muscle stimulation
Muscle stimulation was performed using custom-made electrodes placed over the proximal and distal aspect of the biceps brachii. All muscle stimuli were delivered via a single pulse from a constant current high-voltage stimulator (model DS7AH, Digitimer, Welwyn Garden City, Hertfordshire, UK). Voltage was set to 400 V, with a pulse width of 200 µs. Current was increased incrementally, until twitch torque amplitude plateaued. To ensure maximal activation, the current was adjusted to a supramaximal level, equivalent to 110% of that required to generate a peak twitch torque.
Voluntary activation
The interpolated twitch technique was used to evaluate voluntary activation during maximal voluntary contractions (MVC) (Belanger and McComas 1981; Power et al. 2014) . A minimum of 90% voluntary activation was required for a trial to be considered an MVC. The torque resulting from an interpolated twitch delivered manually during the plateau phase of the MVC was compared to a resting twitch delivered 1-2 s after the MVC. The level of activation was assessed as
Experimental protocol
Each participant performed three 3 s MVCs of the elbow flexors and extensors prior to each experimental condition to familiarize themselves with the contraction and to determine maximal EMG and voluntary activation values. During unilateral MVCs, voluntary activation was assessed for the arm performing the contraction. During bilateral MVCs, both arms were stimulated simultaneously to assess voluntary activation for each arm while contracting bilaterally. Following familiarization, participants performed 12 MVCs, each lasting 8 s in duration with 3-min rest between efforts. The experiment included two unilateral-left, two unilateralright, and two bilateral conditions, performed in a randomized order. All six conditions were performed during both isometric contractions and isometric contractions following active lengthening (RFE) of the elbow flexors. Isometric contractions preceded RFE contractions to ensure that RFE % Voluntary activation = (1 − (interpolated twitch torque/resting twitch torque)) × 100.
was not attributed to extraneous factors (e.g., fatigue) (Bullimore et al. 2007; Fortuna et al. 2016; Jones et al. 2016 ). All isometric contractions were performed at an elbow flexion angle of 120° (180° = fully extended elbow). The isometric contractions which were preceded by active lengthening started with a 1 s isometric MVC at 60° of elbow flexion, followed by an isokinetic stretch to an elbow angle of 120° at an angular speed of 30°/s, followed by a 5 s isometric MVC at the 120° elbow angle. RFE was evaluated as the steadystate isometric force following active lengthening compared to the corresponding isometric reference force obtained at an elbow angle of 120°. Participants were encouraged verbally and were provided visual feedback of their torque amplitude via a computer monitor (Gandevia 2001 ).
Data analysis
Mean elbow flexion torque and EMG RMS values for the biceps brachii and triceps brachii were calculated over a 500 ms window and 7 s into each MVC. The mean elbow flexion torque was used to determine the BLD as With a negative value indicating a BLD, based on the comparison of bilateral and unilateral torque values. Isometric contractions and isometric contractions following active lengthening were only compared against their respective contractions (i.e., bilateral isometric vs. unilateral isometric). Residual force enhancement was defined as where RFE (%) is the residual force enhancement displayed as a percentage of the corresponding isometric reference torque.
Biceps brachii EMG and triceps brachii EMG values for the unilateral-left, unilateral-right, bilateral-left, and bilateral-right conditions were normalized and expressed as a percentage of their respective unilateral MVC EMG. Once normalized, activation reduction during bilateral contractions was determined by taking the average of the sum of bilateral-left and bilateral-right biceps brachii EMG for both bilateral isometric contractions and bilateral isometric contractions following active lengthening, then calculating the difference between the two.
Statistical analysis
Paired t tests were used to assess between limb differences in the elbow flexors through the comparison of unilateralleft and unilateral-right mean values (Torque, Biceps Bilateral Index (%) = (100 × (bilateral/(unilateral left + unilateral right))) − 100.
RFE (%) = ((MVC following active lengthening
Brachii EMG, Triceps Brachii EMG, and Voluntary Activation). A paired t test was also used to assess the BLD and RFE/activation reduction through the comparison of mean values between unilateral and bilateral conditions (Torque, Biceps Brachii EMG, and Triceps Brachii EMG), for the purely isometric contractions and the isometric contractions following active lengthening, respectively. Outliers were defined as values greater than three standard deviations from the mean, and were removed from the analysis. No more than one outlier was removed when analyzing a given dependent variable for the entire population pool (n = 12), and no outliers were removed from the "Responders" sub-group (n = 6). All statistics were performed using IBM SPSS statistics 23 (SPSS Inc., Chicago, IL, USA). The level of significance was set at p < 0.05. Data are reported throughout the text as mean ± SD and figures as mean ± SE.
Results
The 12 right arm strength-dominant participants produced unilateral-right isometric MVC torques that were 8.6 ± 9.2% greater than the unilateral-left isometric MVC torques (p < 0.05, Fig. 1 ).
Bilateral deficit
Unilateral isometric elbow flexion
During unilateral MVCs, both unilateral-right and unilateral-left displayed similarly high levels of voluntary activation (98.3 ± 1.6, 97.0 ± 3.5%, p > 0.05). Unilateral-right produced greater isometric torques (60.9 ± 13.6 N m) relative to unilateral-left (55.0 ± 11.0 N m, p < 0.05, Fig. 1 ). Unilateral-right also had less antagonist co-activation (p < 0.05), with triceps brachii EMG being 34.7 ± 18.6 and 53.9 ± 21.6% for unilateral-right and unilateral-left, respectively, with one outlier removed. Of note, based on our experimental setup not being ideal for recording elbow extension MVCs, the normalized antagonist co-activation values presented are higher than those previously reported in the literature.
BLD during isometric contractions
Despite high voluntary activation (98.4 ± 2.4%), there was a BLD, with the bilateral torque (106.2 ± 17.2 N m) being smaller than the sum of unilateral torques produced with the right and left elbow flexors (115.9 ± 23.7 N m, p < 0.05). The mean Bilateral Index was − 7.3 ± 8.4% (Fig. 1) . There was no difference in left biceps brachii EMG between the unilateral (93.4 ± 7.4%) and bilateral conditions (94.7 ± 26.1%, p > 0.05). However, the right biceps brachii EMG decreased by 13.3 ± 16.7% (Fig. 1) for the bilateral (79.6 ± 18.4%) compared to the unilateral condition (91.3 ± 6.3%, p < 0.05), with two outliers removed. There was no difference in the triceps brachii EMG activity between the unilateral and bilateral conditions for both left (51.6 ± 22.1, 49.7 ± 23.6%, respectively; p > 0.05) and right arms (38.7 ± 22.5, 37.0 ± 20.8%, respectively; p > 0.05), with two outliers removed (left arm).
Residual force enhancement and activation reduction
Unilateral RFE and activation reduction
There was no RFE for the left (torque following active lengthening: 55.2 ± 11.8 N m vs. isometric reference torque: 54.0 ± 10.3 N m) or right elbow flexors (torque following active lengthening: 59.9 ± 14.4 N m vs. isometric reference torque: 59.7 ± 13.7 N m, p > 0.05), with two outliers removed for the left and one for the right arm (Fig. 2) . However, biceps brachii EMG was reduced following active muscle lengthening for the left (85.3 ± 14.4% vs. isometric reference EMG: 94.2 ± 7.0%, p < 0.05) and right arms (83.8 ± 16.0% vs. isometric reference EMG: 92.5 ± 6.3%, p < 0.05). EMG was compared to unilateral BB EMG and expressed as a percent (%). BB EMG-Lt (0.9 ± 7.6%) was not statistically different, but BB EMG-Rt (− 13.3 ± 5.3%) displayed a significant (p < 0.05) reduction in activation in the bilateral relative to the unilateral condition. Statistical significance represented by "*" (p < 0.05)
Bilateral RFE and activation reduction
Residual force enhancement was present in the bilateral condition with the isometric torque following active lengthening (108.3 ± 16.3 N m) being significantly greater than the isometric reference torque (103.6 ± 15.3 N m, p < 0.05), with one outlier removed (Fig. 2) . There was no difference in biceps brachii EMG between the bilateral isometric contractions following active lengthening (84.8 ± 21.0%) and isometric reference contractions (87.2 ± 15.6%, p > 0.05), with one outlier removed ( Fig. 2) and, therefore, no activation reduction.
"Responders" sub-group
Although a significant isometric BLD was present, and the bilateral condition displayed significant RFE, not all participants displayed both bilateral RFE and a BLD. "Responder's" data are based on the six participants (n = 6, age: 25 ± 1 year, height: 181 ± 2 cm, body mass: 81 ± 2 kg) who displayed both bilateral RFE and an isometric BLD. It is important to note that with a small sample size for the "Responders" sub-group, we run the risk of Type I error.
"Responder's" unilateral isometric elbow flexion MVCs
Voluntary activation was similar for left and right isometric elbow flexion (94.5 ± 2.5, 97.3 ± 1.7%, respectively; p > 0.05). The right elbow flexors produced more torque (61.0 ± 13.5 N m) than the left (54.5 ± 11.1 N m; p < 0.05) (Fig. 3) , and there was less antagonist activation during right elbow flexion (22.5 ± 11.9%) than left elbow flexion (44.3 ± 21.4%, p < 0.05), with one outlier removed.
"Responder's" BLD during isometric contractions
Despite high voluntary activation (97.8 ± 3.2%), the bilateral deficit of the responders was − 9.9 ± 3.2% (Fig. 3) with the bilateral torque being significantly smaller (103.6 ± 18.7 N m) than the sum of the left and right unilateral torques (115.5 ± 24.0 N m, p < 0.05). Biceps brachii EMG was similar for the bilateral and unilateral conditions for the left arm (81.7 ± 26.3, 92.0 ± 9.1%, respectively, p > 0.05), but was significantly decreased for the bilateral (72.4 ± 20.2%) compared to the unilateral condition (90.9 ± 8.1%, p < 0.05) for the right arm (Fig. 3) . There was no difference in antagonist activation between bilateral and unilateral conditions for either arm (left unilateral: 41.2 ± 20.5% vs. bilateral: 37.2 ± 20.9%, p > 0.05; right unilateral: 32.5 ± 26.7% vs. bilateral: 31.7 ± 25.8%, p > 0.05). Fig. 2 Comparison of torque and BB EMG in the residual forceenhanced state relative to isometric contractions. Residual force enhancement (RFE) is displayed by the solid bars and activation reduction is displayed by the black outlined bars. Unilateral-left (UL-Lt) and unilateral-right (UL-Rt) elbow flexors did not display RFE, but both displayed activation reduction, with biceps brachii (BB) EMG UL-Lt (− 9.8 ± 3.1%, p < 0.01) and UL-Rt (− 9.8 ± 4.1%, p < 0.05). Bilateral (BL) (4.6 ± 1.6%, p < 0.05) and BL "Responders" (7.1 ± 2.2%, p < 0.05) had significant RFE, with BL "Responders" also having significant activation reduction (− 10.2 ± 2.7%, p < 0.05). Statistical significance represented by "*" (p < 0.05) and "#" (p < 0.01) Bilateral deficit assessed during isometric contractions in the "Responders" sub-group. Unilateral torque (UL Torque) differences (10.0 ± 3.3%) between left (Lt) and right (Rt) elbow flexors were statistically significant (p < 0.05), along with the Bilateral Index (− 9.9 ± 1.3%, p < 0.01). Biceps brachii (BB) EMG-Lt (− 12.0 ± 9.5%) was not statistically significant, but BB EMG-Rt (− 21.1 ± 6.8%) displayed a significant (p < 0.05) reduction in activation in the bilateral condition. Statistical significance represented by "*" (p < 0.05) and "#" (p < 0.01) Fig. 4 ). There was no difference in antagonist activation between limbs (p > 0.05), with one outlier removed.
"Responder's" BLD during isometric contractions following active lengthening
There was an average bilateral RFE of 7.1 ± 5.3% (p < 0.05), with a 10.2 ± 6.7% bilateral activation reduction (p < 0.05, Fig. 2 ), demonstrating increased torque for a given level on muscle activation in the force-enhanced state. With 96.6 ± 2.8% voluntary activation, bilateral torque (111.0 ± 20.6 N m) was not significantly different from the sum of the unilateral-left and unilateral-right torque (119.1 ± 28.1 N m, p > 0.05), with a Bilateral Index of − 5.8 ± 7.9% (Fig. 4) , demonstrating that the BLD was mitigated in the force-enhanced state. Furthermore, when comparing the bilateral condition relative to the unilateral condition during isometric contractions following active lengthening, although biceps brachii EMG activity was significantly reduced in the left arm (Bilateral-Left: − 11.7 ± 10.3%, p < 0.05; Fig. 4) , it also approached a statistically significant reduction in the right arm (bilateral-right: − 11.5 ± 13.2%, p = 0.057; Fig. 4 ), demonstrating that both the left and right arms displayed similar levels of activation in the bilateral relative to the unilateral condition during isometric contractions following active lengthening (Fig. 4) . This establishes that unlike during purely isometric contractions (Fig. 3) , during isometric contractions following active lengthening (Fig. 4) , the differences in activation between the right (strength dominant) and left arm are erased in the bilateral condition. There was no difference in antagonist activation during bilateral and unilateral conditions for triceps brachii EMG in the left (36.8 ± 20.6, 39.7 ± 21.1%, p > 0.05) and right arm (30.6 ± 25.2, 31.3 ± 26.3%, p > 0.05). These results demonstrate that the BLD present in the isometric contractions (− 9.9 ± 3.2%, p < 0.01; Fig. 3 ) was reduced and no longer statistically significant in the isometric steady-state contractions following active lengthening (− 5.8 ± 7.9%, p > 0.05; Fig. 5 ), possibly owing to an activation reduction in the force-enhanced isometric steady-state.
Discussion
The present study was designed to investigate the effects of RFE on the BLD. Participants displayed a unilateral torque difference between limbs and a BLD in the elbow flexors when performing isometric MVCs (Fig. 1) . There was a significant decrease in biceps brachii EMG in the bilateral compared to the unilateral condition, for the strength-dominant right arm, but not for the non-dominant left arm (Fig. 1) . In the unilateral conditions, there was no RFE, but there was an activation reduction present (Fig. 2) . Activation reduction is defined as a reduction in voluntary activation for a given force output in an isometric contraction following active lengthening relative to the corresponding purely isometric contraction at the same muscle length (Seiberl et al. 2012) . For the bilateral condition, there was RFE in the elbow flexors, confirming that elbow flexor torque is greater in isometric contractions following active lengthening, despite no change in biceps brachii EMG between bilateral isometric contractions and bilateral isometric contractions following active lengthening (Fig. 2) . Not all participants had an isometric BLD and bilateral RFE. Therefore, we defined a subgroup of participants (termed "Responders") who displayed an isometric BLD and bilateral RFE in an attempt to determine if the BLD is minimized in the force-enhanced isometric steady-state compared to the purely isometric condition. By selection, the "Responders" sub-group presented with an isometric BLD (Fig. 3 ) and bilateral RFE (Fig. 2) . The difference between the "Responders" sub-group and the entire population was that the "Responders" displayed both RFE Bilateral deficit assessed in the residual force-enhanced state in the "Responders" sub-group. Both the differences (11.7 ± 6.6%) in unilateral torque (UL Torque) between left (Lt) and right (Rt) elbow flexors and the Bilateral Index (− 5.8 ± 3.2%) were not statistically significant. Biceps brachii (BB) EMG-Lt (− 11.7 ± 4.2%) and BB EMG-Rt (− 11.5 ± 5.4%) displayed similar activation reduction, and while BB EMG-Lt was statistically significant (p < 0.05), BB EMGRt approached statistical significance (p = 0.057). Statistical significance represented by "*" (p < 0. 05) and activation reduction (Fig. 2) and that the BLD observed in the isometric contractions (Fig. 3) was mitigated, and no longer statistically significant in the isometric contractions following active lengthening (Fig. 4) . Furthermore, when assessing isometric contractions following active lengthening (Fig. 4) , unilateral torque differences between unilateral-right and unilateral-left were not statistically different (Fig. 4) , and differences in left and right arm biceps brachii EMG (Fig. 4) , seen in the bilateral isometric contractions (Figs. 1, 3) , were eliminated during the bilateral isometric contractions following active lengthening.
Bilateral deficit
The BLD has been attributed to differences in unilateral torque production between limbs, resulting in a reduction in muscle activation in the strength-dominant limb during bilateral relative to unilateral contractions (Fig. 1 ). This finding is supported by the pioneering study of Henry and Smith (1961) in which they concluded that a force reduction in the dominant limb was the primary mechanism of the BLD. Despite this conclusion, only one study directly assessed the importance of limb dominance on the BLD (Cornwell et al. 2012) . Strength dominance appears to be more important than limb dominance when investigating the role of neural inhibition on the BLD (Cornwell et al. 2012; Oda and Moritani 1994) . However, in the majority of studies investigating the BLD, strength dominance is not accounted for, and therefore, differences in torque and muscle activation in the strength-dominant and non-dominant limb have been neglected. These reasons may be why the BLD is often considered an inconsistent phenomenon (Skarabot et al. 2016) . We demonstrated that the strength-dominant right arm had reduced muscle activation (i.e., biceps brachii EMG) during bilateral relative to unilateral contractions (Fig. 1) . However, because of the inherent limitations in our experimental design, we were unable to conclude that the decrement in right arm biceps brachii EMG resulted in a decrease in torque production in the strength-dominant right arm during bilateral contractions. Interhemispheric inhibition has emerged as the dominant mechanism underlying the BLD (Ferbert et al. 1992; Oda and Moritani 1995; Ohtsuki 1983; Skarabot et al. 2016) . However, to the best of our knowledge, no study has addressed interhemispheric inhibition directly. Unilateral torque differences between limbs may explain the regulatory mechanism of the BLD (Ferbert et al. 1992; Oda and Moritani 1995; Ohtsuki 1983; Skarabot et al. 2016) , as interhemispheric inhibition may prevent the strength-dominant limb from exceeding the torque production capacity of the nondominant limb. This transcallosal regulatory mechanism would allow for improved movement control, allowing for symmetrical torque production and synchronous movement between limbs during bilateral contractions (Cornwell et al. 2012; Moritani 1995, 1996; Skarabot et al. 2016) . To further support this point, Weir et al. (1995) showed that following a resistance training intervention, strengthening the non-dominant limb to the point that it exceeded the force production capabilities of the original strength-dominant limb resulted in a torque deficits in the newly trained strength-dominant limb during bilateral contractions. Based on these findings, the BLD likely demonstrates the precision of the neuromuscular system in controlling movement, contrary to what has previously been proposed (Jakobi and Chilibeck 2001) .
The effects of RFE and activation reduction on the BLD
With interhemispheric inhibition regulating central drive during bilateral contractions, likely as a result of unilateral torque differences between limbs ( Fig. 1) (Cornwell et al. 2012) , there are two potential mechanisms to overcome the BLD. The first would be to minimize the unilateral torque difference between limbs, and the second, would be to reduce the neural contribution to muscle force production by relying more on the passive mechanical properties of the muscle. A greater relative contribution from passive force to the total force would result in less motor units needed to produce a given torque, and thus, an activation reduction may be expected to limit the impact of a neural deficit on force production. Unlike bilateral isometric contractions without prior lengthening (Fig. 3) , bilateral isometric contractions following active lengthening (Fig. 4) displayed no significant decrease in biceps brachii EMG in the strength-dominant arm, with both bilateral-right and bilateral-left biceps brachii EMG showing similar levels of activation (Fig. 4) . Based on these finding, mitigation of the BLD in isometric contractions following active lengthening can likely be attributed to the second mechanism proposed, accomplished by inducing a state of RFE/activation reduction in the elbow flexors (Fig. 2) (Hahn et al. 2007; Oskouei and Herzog 2005) . Therefore, when an active lengthening contraction preceded an isometric contraction, the bilateral neural deficit was minimized, effectively mitigating the presence of a BLD that was seen during purely isometric contractions (Fig. 5) . Further support for this finding is provided when looking at participants (n = 3) that displayed a BLD, despite no RFE, as no difference in the BLD was seen when comparing isometric contractions (Bilateral Index = − 8.0 ± 11.0%) and isometric contraction following active lengthening (Bilateral Index = − 7.7 ± 10.9%).
Application of results
Based on the difference in unilateral torque production between limbs resulting in a BLD, addressing these unilateral torque differences could help reduce the BLD and improve absolute strength during bilateral contractions. This strategy could translate to improved performance in athletic populations that perform primarily bilateral movements (olympic lifters, ski jumpers, offensive linemen, and volleyball players). Furthermore, not only do stronger participants display a smaller BLD, but highly trained individuals can even show bilateral facilitation (Howard and Enoka 1991; Matkowski et al. 2011) . These findings highlight the plasticity of the BLD phenomenon and the importance of improving non-dominant limb strength as a method to improve absolute bilateral strength.
Conclusion
Following active lengthening, the BLD can be mitigated. In the isometric steady-state following an active lengthening contraction, the level of neuromuscular activation of the biceps brachii was less than that of a purely isometric contraction. This activation reduction is attributed to fewer active motor units owing to a greater contribution of passive force to total force production in the force-enhanced state. This history-dependent property of skeletal muscle is suggested to eliminate the neural deficit imposed during bilateral contractions by reducing the required descending central drive for a given force output, effectively mitigating the BLD. Based on these findings, future studies assessing the BLD should account for limb strength dominance, along with individual limb torque and voluntary activation during bilateral MVCs to provide further insight regarding whether or not unilateral torque differences result in interhemispheric inhibition and ultimately the presence of a BLD. Comparison of the bilateral deficit assessed in isometric contractions and the residual force-enhanced state in the "Responders" sub-group. The bilateral deficit present in isometric contractions (ISO: − 9.9 ± 1.3%, p < 0.01) was reduced, and no longer statistically significant during isometric contractions in the residual forceenhanced state (RFE: − 5.8 ± 3.2%, p > 0.05), demonstrating that the BLD can be mitigated during isometric contractions following active lengthening. Statistical significance represented by "#" (p < 0.01)
